Multi-walled carbon nanotubes (MWCNT) with their unique physico-chemical properties offer numerous technological advantages and are projected to drive the next generation of manufacturing growth. As MWCNT have already found utility in different industries including construction, engineering, energy production, space exploration and biomedicine, large quantities of MWCNT may reach the environment and inadvertently lead to human exposure. This necessitates the urgent assessment of their potential health effects in humans. The current study was carried out at NanotechCenter Ltd. Enterprise (Tambov, Russia) where large-scale manufacturing of MWCNT along with relatively high occupational exposure levels was reported. The goal of this small cross-sectional study was to evaluate potential biomarkers during occupational exposure to MWCNT. All air samples were collected at the workplaces from both specific areas and personal breathing zones using filter-based devices to quantitate elemental carbon and perform particle analysis by TEM. Biological fluids of nasal lavage, induced sputum and blood serum were obtained from MWCNT-exposed and non-exposed workers for assessment of inflammatory and fibrotic markers. It was found that exposure to MWCNTs caused significant increase in IL-1β, IL6, TNF-α, inflammatory cytokines and KL-6, a serological biomarker for interstitial lung disease in collected sputum samples. Moreover, the level of TGF-β1 was increased in serum obtained from young exposed workers. Overall, the results from this study revealed accumulation of inflammatory and fibrotic biomarkers in biofluids of workers manufacturing MWCNTs. Therefore, the biomarkers analyzed should be considered for the assessment of health effects of occupational exposure to MWCNT in cross-sectional epidemiological studies.
Introduction
Engineered carbonaceous nanomaterials (CNMs) present tremendous opportunities for industrial growth and development and hold great promise through their applications in medicine, electronics, and numerous other areas. However, there are considerable gaps in our knowledge concerning the potential hazardous effects of CNMs on human health and the environment. The evidence for the potential adverse health effects associated with CNMs in humans comes from epidemiological studies of particulate matter (PM) arising from air pollution and other combustion processes (Delfino et al., 2005; Riley et al., 2005; Pope and Dockery, 2006; Brook, 2008a; Brook, 2008b; Craig et al., 2008; Simkhovich et al., 2008; Hamra et al., 2014) . The U.S. EPA identified that PM represent serious public health problems in the United States causing premature mortality, aggravation of respiratory and cardiovascular disease, acute respiratory symptoms, chronic bronchitis and exacerbation of asthma. The International Agency for Research on Cancer (IARC) identified cancer concerns arising from core ultrafine particles with reactive chemicals adhered to their surfaces. The biological effects of CNMs can be comparable to or stronger than those of ambient PM. This emphasizes the urgent need for field studies focused on the assessment of exposure and health status in humans exposed to CNMs. Due to the lack of human data on CNMs exposure, only general non-specific precautionary measures can be taken. To establish effective regulatory standards, governments and regulating agencies around the world need precise and reliable data related to the potential adverse health effects associated with CNM exposures.
Multi-walled carbon nanotubes (MWCNTs) are the most promising CNMs that have been manufactured broadly during the last decade. MWCNTs are composed of layered graphene sheets, in the form of single-walled carbon nanotubes nested one inside the other. Their cylindrical nature, exceptional mechanical strength and intrinsic physico-chemical properties, render their feasibility for use in a number applications including electronics, optics, materials science, polymer chemistry and nanocomposites (Baughman et al., 2002; Wang et al., 2014) . The large-scale manufacturing of MWCNTs in the past decade, and their expanded applications in new technologies, consumer products and biomedicine, raises the likelihood of human exposure to these materials, thus increasing concerns about their potential adverse health effects. In November 2014, the IARC classifiedMWCNT-7 (Mitsui ltd., Japan) to a Category 2B: as possibly carcinogenic to humans (Grosse et al., 2014) .
The major health risks of exposure to MWCNT in workplaces are based on numerous in vivo animal studies that reported consistent noncancerous adverse effects (Poland et al., 2008; Ma-Hock et al., 2009; Mercer et al., 2010; Pauluhn, 2010; Porter et al., 2010; Mercer et al., 2011; Wang et al., 2011; Murphy et al., 2012; Huizar et al., 2013; Dong et al., 2015; Khaliullin et al., 2015; Snyder-Talkington et al., 2015; Wang et al., 2015) . Acute pharyngeal aspiration or inhalation exposure of rodents to CNT causes dose-dependent pulmonary damage accompanied by a robust inflammatory response and severe oxidative stress leading to fibrosis and formation of granulomatous lesions Mercer et al., 2011; Huizar et al., 2013; Sargent et al., 2014) . Mechanistically, the histological features of fibrosis in animal lungs were associated with a significant dose and time-dependent increase in TGF-β and osteopontin (OPN) measured in the serum, bronchial alveolar lavage (BAL) fluids or lung tissue (Pauluhn, 2010; Porter et al., 2010; Mercer et al., 2011; Huizar et al., 2013; Dong et al., 2015; Khaliullin et al., 2015) . Additionally, it was shown that exposure to MWCNT activated TGF-b/Smad signaling pathway in fibroblasts and myofibroblasts thus facilitating pulmonary fibrosis . Moreover, inhalation exposure to MWCNT promotes the growth and neoplastic progression of initiated lung cells in mice (Sargent et al., 2014; Snyder-Talkington et al., 2016) . These effects were observed at a dose of 31.2 µg/ mouse -that is achievable in human exposures in occupational settings (Erdely et al., 2013; Khaliullin et al., 2015) .
Overall, the health effects associated with CNT exposures in rodents have not yet been confirmed in humans. In spite of the insufficiency of data on health effects of CNTs of exposed individuals, there are several documented cases showing CNT deposits found in human lungs and other organs after various exposures. One of them is the tragic event on 9/11 -the attack on the financial district of New York. This incident has caused a number of devastating diseases among rescue and recovery workers. Some of the first responders were presented with respiratory illness and have been diagnosed with pulmonary fibrosis, chronic bronchiolitis and granulomatous formation. The tubular carbon nanostructures, similar to CNTs -produced as a result of high combustion temperatures -were detected in the biopsy specimens of first responders as well as air samples collected at the crash site .
There are also several epidemiological attempts to assess the effects of NM on exposed workers (Liao et al., 2014a; Liao et al., 2014b; Vermeulen et al., 2014; Lee et al., 2015; Liou et al., 2015) . In these studies, the results of exposure to NM other than MWCNTs were analyzed; one common limitation of these studies was inconsistent assessments or low/shortinterval exposures which has been discussed in detail in a recent review (Liou et al., 2015) . Our recent pilot cross-sectional study (Shvedova et al., 2016) revealed changes in mRNA expression profiles of whole blood samples derived from workers exposed to MWCNT aerosol. Expression analysis revealed augmented levels of several fibrotic bio-markers including TGF-β, KL-6 in whole blood samples of workers exposed to MWCNTs.
In spite of all the concerning data, to date the unambiguous identification and characterization of accurate and reliable markers of pulmonary injury associated with CNT exposure in humans have not been developed. This is due, at least in part, to the complexity of studies evaluating the adverse effects of CNTs in humans including the essential requirement of non-invasiveness of methods involving human subjects. The goal of the current work was to identify potential biomarkers in nasal lavage, sputum and serum of workers as a prognostic tool for assessment of occupational exposures to MWCNT.
Materials and methods

Study details
The study was conducted at a company producing MWCNTs: Nanotechcenter Ltd. (Tambov, Russia) . Carbon nanotubes are synthesized using the catalytic vapor deposition method (CVD). MWCNT characteristics were as follows: external diameter − 8-15 nm, internal diameter − 4-8 nm, length 2 µm and more, catalysts content (Ni and Co) − < 5%.
Based on both workers' and supervisors' structured interviews and examination of workstations, potential workers in contact with the MWCNT aerosol for more than 1 year were selected and included as part of the exposure group (n = 10). These workers were represented by foremen, engineers, technical operators, and scientists. The personnel not exposed to the MWCNT aerosol, but who worked at the same enterprises as either engineers, scientists, or technical staff, were included as part of the control group (n = 12). In total, 22 workers of both genders (18 males, 4 females) aged 19-63 years participated in the study. Five of the exposed workers and 7 workers from the control group were under 30 years of age. None of them had a history of any diagnosed chronic respiratory diseases, including chronic obstructive pulmonary disease (COPD) and bronchial asthma, before they started working with CNTs. Six of 22 workers employed in the study were current smokers. Workers with acute respiratory symptoms, as a result of seasonal flu/cold, at the time of blood and sputum sampling were excluded from the study. The Institutional Review Board of Kazan State Medical University, Kazan, Russia, approved this study under the IRB protocol No. 14 dated 26.12.2011.
Exposure assessment
Exposure to MWCNT was monitored by transmission electron microscopy (TEM) and elemental carbon (EC) analyses. The EC analysis gave a quantitative measure of MWCNT exposure, while TEM confirmed the size and types of nanotube structures present. Air sampling was conducted in the employee's personal breathing zone (PBZ) simultaneously on mixed cellulose ester (MCE) filters (SKC Inc.) for TEM analysis and on ultraclean quartzfiber filters (PallflexTissuquartz®) for EC analysis. At each sampling point, at least 400 liters (L), at a flow rate of 7-16 L/min, were sampled on the MCE filter; each set of samples was accompanied by at least 2 blank filters. For the EC analysis, sampling of both the inhalable and respirable aerosol fraction on quartz filters was conducted for 90min in the breathing zone at a rate of 3 L/min (270 L total). TEM coupled with energy dispersive x-ray spectroscopy was performed using modified method NMAM 7402 (NIOSH, 2006) . The MCE filters were analyzed with a JEOL 2100F transmission electron microscope. The EC content (quartz filters) was determined by thermaloptical analysis, using a modified method NIOSH 5040 (Birch et al., 2011; NIOSH, 2013) . The 8-hour time-weighted average (8-h TWA) EC concentrations were calculated for each worker taking into account the person's duties and time spent at different workstations, as described in detail in Shvedova et al. (2016) .
Collection of blood and induced sputum samples
Blood sampling was drawn by venipuncture by a qualified technician aseptically from the cubital vein using a BD Vacutainer® Safety-lok ™ catheter (BD Diagnostic, Franklin Lakes, NJ; USA) into sterilized siliconed glass Vacu tubes (7ML LVDR 100EA/BX 10BX/CS; K3 EDTA 15%; BD Diagnostics, Franklin Lakes, NJ). Clotting was obtained at room temperature. Following the centrifugation (3000 rpm × 10 min) the serum was separated and stored at −20 °C until use.
Airway sampling is important for exposure study, diagnosis, and assessment of airway inflammation. However, sampling techniques such as bronchoscopy are invasive, timeconsuming and costly procedures requiring sedation that could exacerbate lower respiratory tract inflammation. Sputum induction is less invasive, and suitable techniques were used to obtain fluid from the lower respiratory tract. Sputum samples from normal and healthy individuals were collected after several subsequent inhalations of aerosolized hypertonic saline (increased concentrations of NaCl: 3%, 4% and 5% at 10 min. Intervals) facilitating a bronchial secretion (Paggiaro et al., 2002) . Collected sputum samples were centrifuged (3000 g × 15 min) then aliquoted and stored (at −80 °C) until use. Serum and sputum samples were analyzed using commercial ELISA kits for TGF-β1 (Invitrogen, Grand Island, NY), KL-6 (BioVendor LLC, Asheville, NC), and osteopontin (OPN) (R&D System, Minneapolis, MN). Measurement of the cytokines in seru mand sputum samples was carried out using a Th1/2 Multiplex (eBioscience Inc., San Diego, CA) employing the BD Canto Flow Cytometer (Beckton Dickenson, USA).
Statistical analysis
Initial statistical analysis was carried out using student's t-test. Results are presented as the mean ± SEM. A p value < 0.05was considered statistically significant. In addition, generalized linear models including both main effects (first variable -"exposure to MWCNTs: no/yes", second -"age" (in years) or "sex: female/male" or "smoking: no/yes") and pairwise interactions were performed using R statistical package. The confidence intervals of regression coefficients derived from a small sample were refined by bootstrap analysis (Moore et al., 2009) . Bootstrap analysis included repeated sampling with replacement from the original sample, which represents the sampling distribution of the statistic. The bootstrap bias-corrected accelerated (BCa) intervals were constructed based on those for which we could make conclusions about the statistical significance of the relationship.
Results
TEM and EC analyses of PBZ samples
In planning the exposure assessment, we identified critical tasks where the workers could have been exposed to aerosolized MWCNTs, which included: i) unloading and collection of produced MWCNTs from the reactor; ii) mechanical disintegration of MWCNTs by electric mills; iii) packaging of final products; and iv) laboratory handling of MWCNTs. The TEM images confirmed the presence of MWCNTs agglomerates ranging from0.5-10 µmat each of site, but individual nanotubes were not found. The 8-h, TWA EC concentrations (respirable size fraction) were measured at different workstations and were in the range of 0.7-2.8 µg/m 3 . The 8-h TWA EC inhalable and respirable fractions are shown in Table 1 .
Inflammatory cytokines in the serum and sputum samples of MWCNT-exposed workers
The levels of inflammatory cytokines, TGF-β1, KL-6 and OPN, in the workers' serum and sputum samples are presented in Table 2 . All profibrotic inflammatory mediators, such as IL-1β, IL-4, IL-5, IL-6, IL-8 and TNF-α, were significantly higher in the sputum samples collected from MWCNT-exposed group as compared to controls. In the serum samples, levels of IL-1β, IL-4, and TNF-αwere also significantly elevated in the MWCNT exposed group. Of all measured anti-fibrotic inflammatory mediators, only IL-10 was significantly augmented in the serum samples recovered from MWCNT-exposed workers compared to controls.
To account for confounders such as age, sex and smoking status, the generalized linear models for three fibrosis biomarkers (KL-6, TGF-β1 and OPN) including both main effects (exposure to MWCNTs and one of the following variables -age or gender or smoking) and their pairwise interactions were created. The best-fitting regression model for KL-6 in sputum included "exposure to MWCNTs" and "age" variables. The KL-6 levels were higher in exposed workers compared with controls: β = 235.9 (95% BCa = 21.2-482), while the serum KL-6 levels in the exposed and control groups were not significantly different. The regression model for TGF-β1 in serum included a positive β-coefficient for exposure (β = 10.47, 95% BCa = 1.18-51.75) and negative β-coefficient for exposure-age interaction term (β = −0.4, 95% BCa = −2.02-−0.08). Thus, our data showed that increase in TGF-β1 in serum was clustered only in younger workers (<30 year old). Smoking and gender did not affect the content of the protein. The model for TGF-β1 in sputum showed the same trend, but BCa confidence intervals for regression coefficients included zero (data not shown). The best model for OPN in serum included a significant positive regression coefficient for the combined effect of age and exposure, but the bootstrap analysis did not confirm the findings (data not shown).
Discussion
With the exponential growth of the manufacturing and applications of MWCNTs in major industrial fields, research and biomedicine, concerns are growing with regards to their potential adverse effects on human health. This is particularly relevant to MWCNT exposures at workplaces with the highly elevated risk of occupational injury extrapolated from numerous previous in vivo animal studies showing consistent adverse lung effects including pulmonary inflammation, interstitial fibrosis and granulomatous lesions. Several lines of evidence indicate possible asbestiform pathogenicity of MWCNTs due to similarities in structure, which means carcinogenic and profibrotic risk similar to asbestos fibers. However, to date the potential markers of MWCNT exposure have not yet been explored in humans. In this study, we evaluated and compared levels of several potential fibrotic markers in the serum and sputum of MWCNT-exposed workers.
Exposure assessment employing TEM analysis documented agglomerated MWCNTs structures collected from the production site. The highest concentration of EC was found during the product harvesting from the reactor. In the absence of national standards, the time-weighted average (TWA) concentration was compared with the recommended exposure level (REL) proposed by the National Institute for Occupational Safety and Health (NIOSH, USA): 1 µg/m 3 as EC (NIOSH, 2013) . In our case, the individual 8-h TWA concentration of respirable EC reached 2.8 µg/m 3 . This elevated airborne MWCNTs concentration, nearly 3 times the NIOSH REL, is indicative of potential health risk, particularly during extended occupational exposures.
Our data suggest that exposure to MWCNTs at the workplace could change the content of some markers of fibrosis in serum and induced sputum samples. In particular, the KL-6 levels in induced sputum were significantly elevated with increased exposure to MWCNTs. In contrast, the serum KL-6 contents in the exposure and control groups were not significantly different. However, the analysis of whole blood mRNA expression profiles from humans exposed to MWCNTs, published recently (Shvedova et al., 2016) , indicated a significant increase in the expression of KL-6 orMUC1 (Fig. 1) . The upregulation of KL-6 in these samples was further supported by consistent expression of several genes that were either upstream (e.g., IL6, EGFR, TGFβ) or downstream (e.g., ERK, PDGFA, CASP8) of MUC1. Some of these genes, IL6 and EGFR -known to directly modulate MUC1 expression -also play an essential role in pulmonary inflammation, fibrosis, lung cancer development and progression. KL-6 is often used to distinguish between interstitial lung diseases and other pulmonary disease outcomes (Kondo et al., 2011) . Exposure to MWCNT (e.g., inhalation, instillation or aspiration) causes various pulmonary effects in rodents including lung inflammation, sustained interstitial fibrosis, and granuloma formation (Poland et al., 2008; Ma-Hock et al., 2009; Pauluhn, 2010; Porter et al., 2010; Mercer et al., 2011; Wang et al., 2011; Reddy et al., 2012) . Taken together these results indicate that the expression levels of KL-6 upon exposure to MWCNTs in whole blood samples is highly correlated with its expression in bio-fluids of pulmonary origin thus suggesting its potential to serve as a prognostic marker of exposure to CNTs in humans.
Previous in vivo studies using rodent models clearly revealed a profibrotic potential of MWCNTs (Poland et al., 2008; Ma-Hock et al., 2009; Pauluhn, 2010; Porter et al., 2010; Mercer et al., 2011; Wang et al., 2011; Reddy et al., 2012) . A significant dose-and timedependent increase in TGF-β and OPN (gene: SPP1) was found in the serum, bronchoalveolar lavage fluid (BAL) and pulmonary tissues of rodents exposed to MWCNTs (Huizar et al., 2013; Dong et al., 2015; Khaliullin et al., 2015) . This result corroborates our findings in workers where we were able to detect an exposure-related increase in the serum TGF-β1 levels, albeit in young workers. However, no significant OPN changes were found in the serum of exposed workers. This could be due to many factors. One being the latency period required to trigger such responses in rodents and humans, and another related to the gender specific differences in responses exhibited upon exposure to MWCNTs. It should be emphasized that the MWCNT exposed workers investigated as a part of this study are all males, have various exposure regimes and have only spent about ~1-3 years working at the facility. In fact, the upregulation of TGF-β1 and OPN upon exposure to MWCNTs was not always consistent and depended on several experimental factors including CNT characteristics, animal gender, concentration, exposure type and time points employed in each study Dymacek et al., 2015; Khaliullin et al., 2015; Poulsen et al., 2015; Snyder-Talkington et al., 2015; Snyder-Talkington et al., 2016) . A larger cohort of workers exposed to MWCNTs during life-time employment would provide a more accurate validation of realistic markers by simultaneously comparing nasal lavage, sputum and serum. This is further supported by the differential regulation of several genes involved in TGF-β signaling in the whole blood samples of workers exposed to MWCNTs (SMAD6, CDC42, JNK, ERK, p38 MAPK and TAB1). These genes have been linked to the development of fibrosis. Based on gene expression profiles in workers exposed to MWCNTs, we predict that OPN can be activated according to its up-and down-stream mediators, similar to TGF-β1. Moreover, a set of genes (SP1, SMAD6, ETS1, PTGS2, EGFR and FN1) was also found to be commonly correlated to the predicted upregulated changes in TGF-β1 and SPP1 (Fig. 2) . Even though OPN (gene: SPP1) was not as an informative human biomarker in this study, based on its predicted activation from gene expression studies and the up-regulation of other fibrotic markers, we still recommend it to be included in the test battery for future research.
Of interest is also the significant overexpression of proinflammatory cytokines IL-1β and TNF-α in both induced sputum and serum samples of exposed workers (Table 2 ). These potent proinflammatory cytokines secreted by alveolar macrophages play crucial roles in host defense during infection and injury by recruiting various immune cells (Dinarello, 1996; Dinarello, 2011) . Furthermore, the secretion of IL-1β has been implicated to mediate diverse inflammatory responses, autoimmune disorders and fibrosis (Maynard et al., 2006; Chen et al., 2007; Cassel et al., 2008; Rock et al., 2010; Kono et al., 2012) . In fact, the expression of IL-1β, IL6 and TNF-α was reported in several in vivo and in vitro studies upon exposure to CNTs (Palomaki et al., 2011; Meunier et al., 2012; Murphy et al., 2012; Sun et al., 2015) . Although, IL6 was not detected in the serum samples, its levels in the whole blood mRNA expression profiles and in the sputum samples of MWCNT-exposed workers were significantly elevated (Table 2) . Taken together these findings indicate that, if used in conjunction with pulmonary function testing (PFT) and biochemical biomarkers (e.g., IL6, TNF-α, VEGFA, EGFR -common mediators involved), serum and/or sputum KL-6, TGF-β1, SPP1, as well as IL-1β levels, it could be useful for health surveillance of workers potentially exposed to carbonaceous particles in occupational settings (but not for predicting/diagnosing pulmonary disease outcomes in these populations). More studies involving a greater number of workers and a longer latency period, however, are required to further corroborate our findings.
There are several limitations of this study including cross-sectional design and small sample size. However, organizational issues in this type of research are challenging given the current relatively small number of potentially exposed workers and a small workforce compared to other industries. There are also specific difficulties associated with conducting such studies in the nano-industry at this stage of nanotechnology development. Nevertheless, such studies are an important step in planning large-scale studies aimed at more accurate and reliable risk assessment. Previous epidemiological studies conducted by other research groups also reported some health outcomes suggesting broad biomarker panels (Liao et al., 2014a; Liao et al., 2014b; Vermeulen et al., 2014; Lee et al., 2015; Liou et al., 2015) . While they have provided exposure assessment related parameters, the results involving human samples were not reported at the time of this writing.
In summary, the findings of this study are indicative of possible health risks associated with the monitored occupational exposures to MWCNTs. Based on the general principle of reasonable precautions, enterprises producing and handling MWCNTs should implement measures to strictly control MWCNT exposure in the working area. It is also important to create a repository of biological samples (blood, urine, induced sputum) for future studies. Gene centric network analysis of the KL-6/MUC1 and its associated genes differentially expressed in whole blood samples of MWCNT exposed workers. The dataset corresponding to the whole blood gene expression profiles of MWCNT-exposed workers was downloaded from NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) using the accession number: GSE73830. Red: Up regulated. Green: Down regulated. Orange and blue arrows represent activation and deactivation mechanisms, respectively, that are consistent with the expression of KL-6/MUC1. The upstream and/or downstream effects of activation or inhibition of molecules with "known" expression in the network was performed using MAP pathway tool provided by the IPA software. Gene centric network generation and analysis of the three pro-fibrotic markers (KL-6/ MUC1, TGF-β1, SPP1), and their associated genes differentially expressed in whole blood samples of MWCNT exposed workers. The dataset corresponding to the whole blood gene expression profiles of MWCNT-exposed workers was downloaded from NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) using the accession number: GSE73830. Red: Up regulated. Green: Down regulated. Orange and blue arrows represent activation and deactivation mechanisms that are consistent with the expression and/or predicted activation of the three pro-fibrotic markers. The Grow feature of the IPA pathway tool was used to construct and expand the network based on the various relationships between the selected molecules and other molecules in the given dataset based on their expression. Following this, the MAP pathway tool of IPA was used to determine and predict the upstream and/or downstream effects of activation or inhibition of the molecules in a generated network. 
